Yeast self-perpetuating protein aggregates (prions) provide a convenient model for studying various components of the cellular protein quality control system. Molecular chaperones and chaperonesorting factors, such as yeast Cur1 protein, play key role in proteostasis via tight control of partitioning and recycling of misfolded proteins. In this study, we show that, despite the previously described ability of Cur1 to antagonize the yeast prion manner, and show that the effect of Cur1 on prions parallels effects of the attachment of nuclear localization signal to Sis1, indicating that Cur1 acts on prions via its previously reported ability to relocalize Sis1 from the cytoplasm to nucleus. This shows that the direction in which Cur1 influences a prion depends on how this specific prion responds to relocalization of Sis1.
Introduction
Living organisms face a wide range of environmental stresses. To survive in stress conditions, cells have developed sophisticated mechanisms for maintaining proteostasis. Protein quality control (PQC) machinery confers robust cellular response to proteotoxic stress. The main components of the PQC system include molecular chaperones and protein-sorting factors that catalyze substrate partitioning between different PQC compartments. Fine tuning of this system is a key to maintain functioning and viability of the cell in severe stress conditions. Several fatal mammalian diseases, e.g. Alzheimer or Huntington diseases are associated with the accumulation of cross-b fibrous protein aggregates (amyloids). Some of amyloid diseases (termed prion diseases) are infectious. Baker's yeast Saccharomyces cerevisiae has been used extensively to model mechanisms and key parts of the PQC machinery and its interactions with prions and amyloids. Yeast prions typically represent self-perpetuating prion aggregates, propagated via interaction with the PQC system. To date, about 10 prions are known in yeast, with [PSI 1 ] and [URE3] being most extensively studied (for review, see Crow and Li, 2011; Liebman and Chernoff, 2012) . [PSI 1 ] is a prion form of the translation termination factor eRF3 (Sup35 in yeast), which works together with another factor, eRF1 (Sup45) during termination of polypeptide synthesis. Sup35 consists of three domains, N, M and C. The Sup35C domain is essential for viability and translation termination, while Sup35N is a prion Accepted 14 April, 2017. *Co-corresponding authors. For correspondence: E-mail g.zhuravleva@spbu.ru; Tel. 7-812-363-61-05 and E-mail yury.chernoff@biology.gatech.edu; Tel. 1-404-894-1157 ; . †These two authors contributed equally to the work. domain, which is necessary and sufficient for [PSI 1 ] maintenance. Partial inactivation of Sup35 by prion formation or mutation, as well as mutations in its partner Sup45, lead to increased translational readthrough of termination codons, resulting in nonsense suppression, an easily detectable phenotype in the specially designed yeast strains (reviewed in Inge-Vechtomov et al., 2003) .
[PSI 1 ] is synthetically lethal in combination with some sup45 mutations due to severe translational defects (Kiktev et al., 2007) . Transient overproduction of Sup35, Sup35N, or Sup35NM promotes formation of the [PSI 1 ] prion (for review, see Liebman and Chernoff, 2012) . Another well-studied yeast prion, [URE3] , is a prion form of Ure2, a regulatory protein involved in nitrogen catabolite repression. Yeast cells bearing [URE3] can uptake poor nitrogen sources, e.g. ureidosuccinate, even in the presence of richer ones (Lacroute, 1971; Wickner, 1994) . Both Sup35 and Ure2 proteins can produce a variety of "variants" or "strains," which differ from each other by structural parameters, resulting in different phenotypic characteristics. The original [URE3] prion variant (Lacroute, 1971 ) is designated as [URE3-1] prion strain (Brachmann et al., 2005 ] S respectively. These variants are distinguished from each other by both efficiency of nonsense-suppression and mitotic stability, as well as by various biochemical parameters, including the average number and size of prion aggregates (see Liebman and Chernoff, 2012) . The molecular disaggregase Hsp104 is required for the propagation of [PSI 1 ] (Chernoff et al., 1995) and most other known prions in yeast (for review, see Chernova et al., 2014; due to its ability to promote fibril fragmentation and generate new oligomeric seeds ("propagons") . Some prions including [PSI 1 ] are eliminated by excess Hsp104 via a different mechanism which is not yet entirely clear and possibly involves a defect on propagon partitioning between the mother and daughter cells during a cell division (Chernova et al., 2017; Ness et al., 2017) . Several other PQC proteins also take part in prion propagation (reviewed in Reidy and Masison, 2011; Chernova et al., 2014) . Specifically, Hsp70 proteins of the Ssa subfamily are necessary to recruit Hsp104 to amyloid fibrils in the process of fibril fragmentation (Tipton et al., 2008; Winkler et al., 2012) , while the Hsp40 cochaperones (predominantly Sis1 and/ or Ydj1) aid Ssa. In the light of recent data, Hsp40s are viewed as factors that determine the substrate specificity of the Hsp70/Hsp100 machinery to various prions (Harris et al., 2014; Reidy et al., 2014) . Notably, different yeast prions are affected in different ways by Hsp40 alterations (Higurashi et al., 2008; Liebman and Chernoff, 2012; Harris et al., 2014 ] (prion form of the chromatin remodeling factor Swi1) are eliminated in these conditions (Higurashi et al., 2008; Hines et al., 2011 (Kiktev et al., 2015; Chernoff and Kiktev, 2016) .
Proteins that control intracellular localization of other proteins (so called protein sorting factors) may also influence both stress response and prion propagation. Of most interest for the given work are protein sorting factors that control substrate partitioning between PQC compartments, such as Juxtanuclear Quality control deposit (JUNQ) and Insoluble Protein Deposit (IPOD) (Kaganovich et al., 2008) . These factors include the abovementioned chaperone Hsp42 as well as Cur1 and Btn2 proteins (Specht et al., 2011; Malinovska et al., 2012) . Btn2 is a distant homolog of a mammalian Hook family (Kama et al., 2007) , and Cur1 is a paralog of Btn2 (Byrne and Wolfe, 2005) . Hsp42 promotes distribution of aggregates to the IPOD compartment, a peripheral depository of aggregated proteins (Specht et al., 2011) . Cur1 and Btn2 mediate cellular response to stress via chaperone relocalization, thus they can be termed "chaperone sorting factors" (Malinovska et al., 2012) . Cur1 functionally and physically interacts with Sis1 and promote its import into the nucleus, but the exact cellular consequences of this relocalization are not yet understood (Malinovska et al., 2012) . Both Cur1 and Btn2 proteins are induced during stress, such as heat shock, and are proteolytically unstable as they are quickly degraded by the ubiquitin-proteasome system (Malinovska et al., 2012) . It was suggested that Cur1 and Btn2 also act as specific molecular signals that influence aggregate sorting and recycling ] prion. Deletions of CUR1 or BTN2 genes stabilize some [URE3] derivatives, suggesting that even at normal levels, the Cur1 and Btn2 proteins antagonize the [URE3] prion and therefore constitute the specific anti-prion defense system in yeast .
In this study, we investigated effects of the chaperone sorting factor Cur1 and other cytosolic chaperones on the (Kiktev et al., 2011) . The same effect is now confirmed for the CUR1 paralog, BTN2 (Supporting Information Fig. S1A ). Mating assay confirmed that the lack of growth is indeed due to the synthetic lethality rather than due to a mating defect (data not shown). A possible explanation for the enhancement of synthetic lethality by excess Cur1 or Btn2 could be a "strengthening" of [PSI 1 ], which may originate from increased number of amyloid seeds, and therefore, increased immobilization of monomeric protein into polymers, resulting in even less amount of a non-prion protein remaining in the cell and thus exacerbating the negative impact on translation termination and viability. Indeed, overexpression of CUR1 (although, not of BTN2) increased nonsense suppression in the presence of either strong (Fig. 1A) . In case of Cur1, this effect was more pronounced if yeast cultures were grown at elevated temperature, 348C (Fig. 1B) , when stressinducible proteins, such as Cur1, are more abundant (Malinovska et al., 2012) . We have also detected an increase in level of UGA readthrough (as measured by using a dual-luciferase reporter system (Keeling et al., 2004) strains was not affected. In contrast, overproduction of translation elongation factor eEF1A (encoded by TEF2 gene and known to increase translational suppression in general (Song et al., 1989; Matveenko et al., 2013) ) increased suppression in sup45 mutants (Supporting Information Fig. S1B ). ] at a later time point (120 min) when chaperone balance is known to be partially restored (Newnam et al., 2011) . Moreover, during a short-term heat shock btn2D was epistatic to cur1D, as no significant difference in the [PSI 1 ] loss could be observed between btn2Dcur1D and btn2D strains (Fig. 1E) Malinovska et al. (2012) . At least three independent transformants were tested in each case. Fivefold serial dilutions of representative clones are shown.
[ PSI 1 ]-enhancing activity. Likewise, this activity was eliminated by the deletion of C-proximal region (after position 109), or by deletion of the internal region between residues 162 and 204.
Notably, the deletion of a short N-terminal fragment, Cur1D3-22, not only retained but also increased the ability of the Cur1 protein to enhance nonsense suppression by [
, overexpression of this deletion variant caused a mild growth defect on complete medium selective for the plasmid (Supporting Information Fig. S3B ), independently on the presence or absence of the chromosomal CUR1 gene (Supporting Information Fig. S3C ]) are independent of each other's presence (Malinovska et al., 2012) . (Kryndushkin et al., 2008) . Averages of at least eight repeats are shown. Error bars correspond to 95% confidence limits. * indicates p < 0.05 according to Student's t-test. S and [URE3-1] strains transformed with plasmids for Cur1 or Cur1D3-22 overproduction together with pAG415ADH1-Sis1-EGFP or pRS315. B. Same as A, except pRS315-SIS1 (P SIS1 -SIS1), pAG415ADH1-Sis1-EGFP (P ADH1 -SIS1-GFP), pAG415GPD-Sis1-mCherry (P GPD -SIS1-mCherry), and YEp351-SIS1 (2l P SIS1 -SIS1) plasmids were used for SIS1 expression (levels of Sis1 production are presented in Supporting Information Fig. S6A) ; dilutions are fivefold. C. Rates of Cur1-mediated [URE3-1] loss upon expression of different SIS1 variants. Plasmids used for SIS1 expression are described in B.
[URE3] loss was estimated as described (Kryndushkin et al., 2008) . Averages of at least six replicates are shown. Error bars indicate 95% confidence limits. * indicates p < 0.05, while ***, p < 0.001 in Student's t-test. Relative levels of Sis1 are equal to density ratios shown in Supporting Information Fig. S6B . Numbers in parentheses correspond to plasmids as shown on panel B. Cur1D3-22 (Fig. 4) . Moreover, the extent of this antagonistic effect correlated with the levels of overproduced Sis1 ( Fig. 4C and Supporting Information Fig. S6A ). We also noticed that overexpression of SIS1 affected [PSI 1 ] in different ways, depending on the expression construct. Overproduced Sis1 protein containing a Cterminal tag enhanced suppression by [PSI 1 ] in some clones even at moderate levels of production ( Fig. 4B and Supporting Information Fig. S6A and B) , while untagged Sis1 did not cause such an effect even at high levels (Fig. 4B) . Importantly, excess Sis1 did not antagonize [PSI 1 ] on its own (Fig. 4B and Supporting Information Fig. S6C ), indicating that in the presence of overproduced Cur1 it indeed acts on [PSI 1 ] via modulating the effect of Cur1 rather than via a simple juxtaposition of opposite effects. , compared with those in case when Sis1 was produced at the endogenous level ( Fig. 5C and Supporting Information Fig. S8 ). This observation indicates that the ability of Cur1 to decrease levels of cytosolic Sis1 by relocalizing it to the nucleus depends on Sis1 abundance.
Importantly, both full length and N-terminally truncated variant of Cur1 exhibited preferentially nuclear fluorescence and did not colocalize with Sup35NM-GFP aggregates (data not shown). However, Cur1D3-22-YFP had a distinct pattern of fluorescence compared with Cur1-YFP, with higher nuclear and lower cytosolic fluorescence intensity ( Fig. 5A and Supporting Information Figs S7 and S8). This pattern was independent of the presence of full length Cur1 protein in the strain (Supporting Information Fig. S7B ). To find out whether or not Cur1 is able to bind prion aggregates directly, we performed a pulldown assay with His 6 -tagged Sup35NM as described previously (Kiktev et al., 2015) . However, we could not detect any Cur1-YFP bound to Sup35/Sup35NM-His 6 aggregates (Supporting Information Fig. S9 ).
We also checked Sis1 localization patterns during overexpression of Cur1D162-204 variant, which did not affect prion phenotypes (Fig. 2) . This C-terminal deletion variant of Cur1 lacked the ability to relocate Sis1 into the nucleus and showed mostly diffuse cytoplasmic fluorescence, with only very rare dot-like foci observed near the nucleus (Supporting Information Fig. S7B) To assess the influence of Sis1 nuclear relocalization on prions directly, we employed the chimeric protein NLS-Sis1, which contains nuclear localization signal promoting Cur1-independent nuclear targeting of both tagged and native (via dimerization) Sis1 (Malinovska et al., 2012) . Similar to excess Cur1 and Cur1D3-22, introduction of NLS-Sis1-GFP cured [URE3-1] in both qualitative (Fig. 5D ) and quantitative (in 95% of the cells, Fig. 5E Fig. S10A) strains. In addition, we did not observe elevation of NLS-Sis1-GFP protein level compared with the Sis1-GFP (Supporting Information Fig.  S10B ). The N-terminally truncated variant of Cur1 exhibits increased proteolytic stability While investigating the basis of stronger effects of the Cur1D3-22 derivative on prion manifestation and Sis1 relocalization, we noticed that Cur1D3-22 is more abundant compared with the full-size protein (Fig. 6A) . Interestingly, Cur1D3-30 was even more abundant, in accordance to a previous observation that lack of NLS stabilized Cur1 protein (Malinovska et al., 2012) , as the region between 23rd and 30th residues contains the NLS sequence. To determine the reasons for the increased abundance of Cur1D3-22, we treated yeast cells with the proteasome inhibitor MG132 and found that such a treatment significantly increased levels of Cur1, but not Cur1D3-22 protein (Fig. 6B) . Moreover, proportion of the cells with mostly nuclear localization of Sis1-mCherry in the presence of excess Cur1 was increased to above 50% by MG132 treatment, that is comparable with results obtained for non-treated cells overproducing Cur1D3-22 (Fig. 6C) . Notably, MG132 treatment did not affect pattern of Sis1-mCherry fluorescence in cells with excess Cur1D3-22 (Fig. 6C and Supporting Information Fig. S11A ). Interestingly, MG132 induced formation of juxtanuclear foci only during growth at elevated temperature (378C) but not in normal conditions (268C) (Supporting Information Fig. S11B ), supporting previous reports (Malinovska et al., 2012) that proteasome inhibition alone is not sufficient for the sorting of Cur1 and Sis1 to perinuclear compartments. Overall, our data confirm that the Cur1 protein is degraded by the proteasome system, and show that this degradation is impaired in Cur1D3-22 derivative, leading [URE3] loss was estimated as described (Kryndushkin et al., 2008) . Averages of four replicates are shown. Error bars correspond to 95% confidence limits.
to its increased abundance that likely explains its stronger effects on Sis1 localization and propagation of prions. It is worth noting that Sis1 overproduction also increased abundance of Cur1 variants (Fig. 6D) ] effect during short-term heat shock as does the cur1D deletion, and even suppresses the effect of cur1D (Fig. 1E) 2012; Wickner et al., 2014) (Malinovska et al., 2012; Wickner et al., 2014) . In an agreement with these data, we have observed that the strengthening of [PSI 1 ] phenotype by excess Cur1 also does not depend on Hsp42 (Supporting Information Fig. S5B ). ] were shown to be modulated by Sis1, an essential Hsp40 cochaperone of Hsp70 (Malinovska et al., 2012; Wickner et al., 2014) . Here we show that effects of Cur1 on [PSI 1 ] are also modulated by Sis1
( Fig. 4A and B) , and that the efficiency of [URE3] curing by excess Cur1 inversely correlates with the level of Sis1 protein (Fig. 4C ). This indicates that the effects of Cur1 on prions are largely dependent on the balance between Cur1 and Sis1 in the cell. Various hypotheses were proposed to explain the molecular basis of Cur1 and Btn2 effects on prion propagation. One model suggests that Cur1 and Btn2 promote sorting and recycling of prion aggregates via direct binding to aggregates and their sequestration into protein quality control deposits (Kryndushkin et al., 2008; Wickner et al., 2014) . However, our data confirm neither localization of functional Cur1 to the protein quality control deposits (Fig. 5A and Supporting Information Figs S7, S8 and S11) nor direct binding of Cur1 to prion aggregates, at least in case of Sup35 (Supporting Information Fig. S9 ). On the other hand, Cur1 was also shown to promote the import of Sis1 cochaperone into the nucleus through the a-importin Srp1, and the ability of Cur1 to cure the [NRP1C 1 ] prion depends on its ability to relocalize Sis1 (Malinovska et al., 2012) . These observations suggest that the effect of Cur1 overproduction on prions is due to relocalization of Sis1 from the cytosol into the nucleus. In an agreement with these data, we have also shown that Cur1 overproduction alters localization pattern of fluorescently tagged Sis1, with much of the fluorescence shifted to the nucleus (Fig. 5) . The magnitude of these alterations depends on the balance between Cur1 and Sis1 in the cell (Fig. 5C) . During the course of this study, we have generated the proteolytically stable N-terminally truncated derivative of Cur1 (Cur1D3-22) and have shown that it exhibits stronger effects on both [PSI 1 ] and [URE3], compared with the wild type protein (Figs 2 and 3B) . Importantly, Cur1D3-22 also promotes nuclear targeting of Sis1 more efficiently than does a wild type protein (Fig. 5B  and C and Supporting Information Fig. S7C ). In contrast, overproduction of the Cur1D162-204 deletion variant affects neither (Fig. 5D and E, and Supporting Information Fig. S10A ). Together, our data indicate that the effect of Cur1 on [PSI 1 ] and other prions is caused by relocalization of the Sis1 chaperone.
Notably, we have not detected accumulation of either wild-type or N-terminally truncated Cur1 at the juxtanuclear position (corresponding to the previously described JUNQ deposit) at normal growth temperature even upon MG132 treatment (Fig. 5A and Supporting Information Figs S7, S8 and S11). However, we occasionally observed juxtanuclear accumulation of non-functional Cur1D162-204 (Supporting Information Fig. S7B ). These data provide further support for the notion that functional Cur1 does not localize to the PQC compartments in normal conditions and is thus unlikely to target prion aggregates to sequestration sites.
Altogether, we present several pieces of evidence that attribute effects of Cur1 on prions to Sis1 relocalization rather than direct involvement of Cur1 in aggregate sorting. These include: (i) lack of colocalization between Cur1 and Sup35 prion aggregates or PQC compartments and lack of detectable physical association between Cur1 and Sup35, (ii) Low abundance of Btn2 and especially Cur1 proteins in the yeast cell compared with the Sis1 protein was noted as a major obstacle to the model implicating Sis1 as a mediator of the effects of these proteins on yeast prions . However, Cur1 is a highly unstable protein degraded by the proteasome system (Fig. 6A-C) . Therefore, Cur1 abundance may vary greatly, depending on specific conditions, and could be grossly underestimated by the standard measurements Differential effects of CUR1 on yeast prions 251 of Cur1 steady state levels. Also, Cur1 levels are dependent on both the presence of the [PSI 1 ] prion (Supporting Information Fig. S12A ) and growth phase (Supporting Information Fig. S12B ). Moreover, Cur1 levels are significantly increased during stress, possibly (at least in part) due to interaction with Sis1, as excess Sis1 promotes accumulation of Cur1 (Fig. 6D) . Thus, stress conditions, which are repeatedly encountered by yeast cells in nature, and even during transitions between growth phases in the laboratory settings, likely generate a situation when the magnitude of Cur1-mediated relocalization of Sis1, and consequently effects of this protein on prions becomes physiologically relevant. On the other hand, Sis1 has a variety of substrates in the yeast cell, and a fraction of this protein involved in interactions with prion aggregates may constitute only a small portion of total cytosolic Sis1. As such, it could be more sensitive to the effect of Cur1-dependent relocation. Fig. S3A-D) , possibly due to sequestration of Sis1, that would be expected to decrease levels of available unbound Sis1 in the cytosol. Differential effects of Ydj1 and Sis1 on yeast prions may in turn originate from the differences in their specificities to the Hsp70-Ssa/Hsp104 substrates (Reidy et al., 2014) . In combination with Hsp40 and Ssa, Hsp104 is known to catalyze fibril fragmentation (for review, see Chernova et al., 2017) , however, selective overproduction of Hsp104 antagonizes [PSI 1 ], presumably due to defect in prion partitioning during a cell division (see model proposed by Liebman and Chernoff, 2012 and supported by data of Winkler et al., 2012, and Ness et al., 2017) . As size distribution of Sup35 polymers is not altered by overproduction of Cur1 (Supporting Information Fig. S2A ), it seems likely that Cur1-mediated depletion of the effective pool of Sis1 influences partitioning of oligomers between mother and daughter cells rather than prion polymer fragmentation per se. This conclusion corroborates previous observations that fragmentation of Sup35 prion polymers may occur even at low levels of Sis1 (Higurashi et al., 2008) (Kirkland et al., 2011; Sporn and Hines, 2015) . Excess Sis1, as well as depletion of Ydj1, also increases destabilization of [PSI 1 ] by the mutant Ssa1-21 protein (Jones and Masison, 2003; Kirkland et al., 2011) , which was proposed to occur by the same mechanism as curing by excess Hsp104 (Reidy and Masison, 2010 ] variants (Kirkland et al., 2011; Harris et al., 2014; Reidy et al., 2014; Stein and True, 2014) , indicating that in contrast to Sup35 polymers, Ure2 polymers are strongly dependent on the presence of Sis1 in the Hsp104/70/40 complex for the efficient fragmentation. Consequently, decrease in the Sis1/Ydj1 ratio in the Hsp104/70/40 complexes leads to severe destabilization of the [URE3] prion, while increase in the Sis1/ Ydj1 ratio stabilizes [URE3] variants (as observed by Wickner et al., 2014) .
Together with previous data, our findings point to the existence of a feedback control of Sis1 localization in heat stress. When Sis1 levels are increased (for example, during stress), more Sis1 binds to Cur1 protein, possibly leading to Cur1 stabilization (and therefore, increased abundance) and thus facilitating relocalization of Sis1 to the nucleus. There might be several reasons why it is important to maintain balance in Sis1 levels between the nucleus and the cytosol. First, as shown recently (Park et al., 2013) , Sis1 promotes degradation of misfolded (e.g., stress-damaged) proteins on nuclear proteasomes. Second, Sis1 actively participates in the disassembly of aggregated proteins in the cytosol, catalyzing dissociation of stress granules and P-bodies (Kroschwald et al., 2015) ; this activity may become counterproductive during stress, when such assemblies play a protective role. Sis1 also acts as a suppressor of prion toxicity and prion-dependent polyQ toxicity (Gokhale et al., 2005; Douglas et al., 2008; Yang et al., 2014; Matveenko et al., 2016) . Thus, partitioning of Sis1 between the nucleus and the cytosol could be a crucial tool of the cellular defense strategy aimed against misfolded proteins, while Cur1 may serve as one of the major modulators of this partitioning. Importantly, some other proteins induced during stress in a manner similar to Cur1 and also degradable via the proteasome system may also modulate prion maintenance during stress in similar way. One example is the actin assembly protein Lsb2 (Chernova et al., 2011; Ali et al., 2014) . However, in contrast to Cur1, Lsb2 acts by interacting with aggregated proteins themselves. Further work is needed to entirely decipher the complex relationships between various components of the stress-dependent protein partitioning system.
Experimental procedures

Yeast strains
Yeast strains used in this study are listed in Supporting Information Table S1 (Derkatch et al., 1997; Chernoff et al., 1988 Chernoff et al., , 2000 Moskalenko et al., 2004; Newnam et al., 1999 (Brachmann et al., 2005) , was used as the [URE3] strain. Deleting and GFP-tagging of chromosomal genes were carried out as described (Longtine et al., 1998) . The [PSI 1 ]/ sup45 synthetic lethality test was performed as described (Kiktev et al., 2007) ; more details are given in the Supporting Information Experimental procedures. The [psi 2 ] strain 1B-D1606 and its sup45 derivatives (Moskalenko et al., 2003) were used to assess [PSI 1 ]-independent nonsense suppression. 33G-D373 was used for the phenotypic suppression assay as described (Cosson et al., 2002) , with the final concentration of paromomycin in the media of 0.2 mg ml
21
.
Plasmids
The plasmids used in this work are listed in Supporting Information Table S2 (Allen et al., 2005; Bailleul et al., 1999; Borchsenius et al., 2006; Christianson et al., 1992; Derkatch et al., 1996; Gautschi et al., 2002; James et al., 1997; Kiktev et al., 2012; Lindquist and Kim, 1996; Liu et al., 1992; Sikorski and Hieter 1989; Urakov et al., 2010 and Valouev et al., 2002) . Plasmid p426-GPD-YFP was constructed by P.V. Lipaeva and P.B. Drozdova, and is based on p426GPD-SWI1-YFP (Du et al., 2008) . Plasmids from pAG series for CUR1, BTN2, SIS1, HSP42 and HSP26 expression were kindly provided by Dr. S. Alberti. YEplac195-TEF2, YEplac181-YDJ1 and YEplac181-HSP104 were kind gifts from Dr. M.D. Ter-Avanesyan. The plasmid pRS426-CUR1 was constructed by cloning the CUR1-containing fragment from pRS425-CUR1 (Kiktev et al., 2011) into pRS426. Plasmid GAL-GFP was constructed by C. Kubicek in Chernoff lab via inserting the 1.5 kb HindIII-NotI GFP-coding fragment into pRS316GAL cut with the same enzymes. The plasmid pRS316GAL-SUP35NM-GFP was constructed by K. Gokhale in Chernoff lab by cloning the 1.2 kb BamHI-SacI fragment of pmCUP-NM-GFP (Serio et al., 1999) into pRS316GAL. Various deletion variants and fluorescently tagged derivatives of CUR1 were constructed as described in the Supporting Information Experimental procedures.
Growth conditions and phenotypic assays
Yeast cultures were grown in standard media in 308C unless noted otherwise. 1=4YEPD and 1=2YEPD media, containing the decreased amounts of yeast extract for better color differentiation, have been described previously (Eaglestone et al., 2000; Reidy et al., 2012) . For curing of [PSI 1 ] or [URE3] by GuHCl, cells were grown on the SC medium with 4mM GuHCl for 3 passages followed by streaking cells on 1=4YEPD or 1=2YEPD and assessing loss of prion by color phenotype. Cell-to-cell mating assay was performed as described previously (Kiktev et al., 2007) . Experiments on [PSI 1 ] destabilization by mild heat-shock were performed on cultures growing exponentially in YPD medium at 258C as described previously (Newnam et al., 2011 ] (sectored white/red) colonies was determined.
[URE3] loss was estimated as described (Kryndushkin et al., 2008) , with a minimum of six independent transformants analyzed per each strain/plasmid combination. For experiments requiring MG132 treatment, cells were grown as described in (Liu et al., 2007) and treated with 40 lM MG132 (Sigma, #C2211) diluted in DMSO or with an equal amount of DMSO (control).
Dual-reporter assay for nonsense-suppression measurement
Readthrough level was tested using dual-luciferase assay (Keeling et al., 2004) , performed as described (Valouev et al., 2009 ) with minor modifications. The plasmids pDB690 and pDB691 for the assay have been described previously (Keeling et al., 2004) . The measurements of firefly and Renilla luciferase activities were carried out using Dual Reporter Assay kit (Promega, #E1910) with the Agilent Cary Eclipse Fluorescence Spectrophotometer in luminometer mode in RRC MCT SPbSU.
Protein analysis
For typical SDS-PAGE analysis, 1.5 ml of overnight culture at OD 600 5 0.75 was pelleted, and cell lysates were prepared using the modified alkaline lysis method (Kushnirov, 2000; Zhang et al., 2011) or the standard glass beads protocol where indicated . Samples Differential effects of CUR1 on yeast prions 253 were loaded on the 10% SDS-PAGE gels. After electrophoresis proteins were transferred onto PVDF membrane (GE Healthcare) using the standard protocol for semi-dry blotting and visualized using respective antibodies. Coomassie R250 staining of membranes was used as a loading control. Images were collected using the GeneGnome hardware and software (SynGene) and analyzed and formatted using the GIMP (The GIMP team) software package. Densitometry analysis was done using ImageJ software (Schneider et al., 2012) .
Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) was performed as described earlier (Kushnirov et al., 2006) , followed by a capillary transfer onto PVDF membrane .
For the Sup35NM-His 6 pull-down assay, yeast cultures were grown overnight to OD 600 5 0.2 and then supplemented with 100 lM CuSO 4 . 150 ml of final culture was pelleted 4 h after copper addition. Cell lysis was performed as described (Kiktev et al., 2015) . Cell lysates were pumped through Ni-NTA agarose resin for 1.5 h using the peristaltic pump (Bio-Rad) and eluted using the imidazole containing buffer. Corresponding fractions were collected using the fraction collector (Bio-Rad).
SE4290 and SE4291 antibodies were used to detect Sup35 and Sup35NM-6His proteins. For visualization of GFP-and YFP-tagged proteins Anti-Tag(CGY)FP (anti-FP) antibodies (Evrogen, #AB121) were used. mCherry-tagged proteins were detected using anti-DsRed antibodies (Clontech, #632393). Sis1 was visualized using the SS1 and SS2 anti-Sis1 rabbit sera raised against the His 6 -Tb-Sis1 protein purified from E. coli Rosetta strain bearing plasmid pPROEX-HTb-Sis1 (Shorter and Lindquist, 2004 ) that was kindly provided by Dr. S. Alberti.
Fluorescence microscopy
For fluorescence microscopy, yeast cells overproducing FPtagged proteins were grown in appropriate media overnight to OD 600 0.5 and gently pelleted. Fluorescent imaging was performed using laser scanning confocal microscopes Leica TCS SP5 or Leica TCS SP5 MP at room temperature. Images were obtained using the HCX PL APO 63x objective with numerical aperture of 1.30 and the Leica image capture hardware and software. Zeiss Axioscope A1 microscope was used for widefield fluorescence microscopy. Downstream analysis of images was done using ImageJ (Schindelin et al., 2012) and GIMP (The GIMP team) software packages. For NucBlue staining cells were washed and resuspended in 500 ll of phosphate buffered saline (PBS) and incubated with 1 drop ( 50 ll) of NucBlue solution (Life Technologies, #R37605) at 268C for 30 min.
Statistical analysis
All experiments were performed three times or more as indicated. Error bars correspond to the standard error of the mean or the t-based 95% confidence limits for the mean as described in figure legends. Differences were considered statistically significant when p < 0.05 in Student's ttest (McDonald, 2009 ). All statistical analyses were carried out using R (R Core Development Team, 2014).
